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A B S T R A C T   

Spatiotemporal characteristics of the trade-off among ecosystem services and its mechanism have been exten-
sively studied. However, studies on the difference in spatiotemporal variation of ecosystem services trade-offs in 
various climate zones under climate change are limited. This study aims to explore the spatiotemporal charac-
teristics and driving factors of trade-offs between crop production and soil conservation in different climate zones 
by employing a case study in various climate zones of the Shaanxi Province. We adopted statistical and GIS-based 
spatial analyses to explore the spatiotemporal characteristics of the trade-off and used gradient boosting decision 
tree to quantify the relative contribution of driving factors. Results showed that trade-off between crop pro-
duction and soil conservation in a middle temperate zone (0.09) is significantly lower than in a warm temperate 
zone (0.18) and a subtropical zone (0.21). The trade-off clearly exhibits an upward trend from 1995 to 2018 in all 
climate zones. However, the increasing trend gradually weakened from the middle and warm temperate zones to 
the subtropical zone. Moreover, changes in the trade-off are spatially heterogeneous in all climate zones. 
Anthropogenic activities have larger relative contribution (62.27%–71.67%) to the trade-off than environmental 
factors in all climate zones. Climate zone type has an insignificant effect on the relative contributions of 
anthropogenic activities, whereas the relative contributions of most environmental factors are significantly 
different in various climate zones. Fertilization (relative contribution, 26.58%–37.66%), GDP per land area 
(relative contribution, 8.50%–20.49%), and population density (relative contribution, 9.77%–16.11%) are the 
most important anthropogenic driving factors in all climate zones. The environmental factors with greatest 
relative contribution in the middle temperate, warm temperate, and subtropical zones are accumulated tem-
perature (13.40%), precipitation (26.64%), and accumulated temperature (9.63%), respectively. Thus, differ-
ences of spatiotemporal characteristics and driving factors of ecosystem services trade-off must be considered in 
the formulation of targeted polices for agroecosystem management in different climate zones.   

1. Introduction 

Agroecosystem is the largest engineered ecosystem in the world, 
which accounts for 38% of the earth’s terrestrial surface area (FAOSTAT, 
2011), provides a foundation for human survival and development by 
delivering multiple ecosystem services (MEA, 2005). Crop production is 
an essential service in an agroecosystem, which is crucial for sustaining 
human life (Li et al., 2019). Soil conservation is also a key service of 
agroecosystem (González-Esquivel et al., 2015), which has a complex 
trade-off with crop production (Li et al., 2020). The trade-off between 

crop production and soil conservation has gained attention in recent 
years (Li et al., 2020). Inappropriate practices in crop production can 
result in serious soil erosion (Montgomery, 2007). People generally 
manage to increase the crop production service of agroecosystem to 
maximize economic benefits at the expense of soil conservation or other 
ecosystem services (Bennett et al., 2009; Qiu and Turner, 2013; Fu et al., 
2015). However, soil erosion affects soil nutrient, land productivity, and 
crop production (Boardman, 2006). The challenge in agroecosystem is 
to improve crop production capacity while preserving other ecosystem 
services (Accatino et al., 2019). Understanding the complex nonlinear 
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trade-off between crop production and soil conservation is significant to 
meet the challenge and maximize the ecosystem service benefits (Foley 
et al., 2011; Howe et al., 2014). 

Trade-offs among ecosystem services are closely related to spatio-
temporal dynamics of ecological processes (Rodríguez et al., 2006). 
Therefore, the trade-offs have temporal variability and spatial hetero-
geneity (Deguines et al., 2014; Qiao et al., 2019; Liu et al., 2019a). 
Several studies focused on the spatiotemporal characteristics of trade-off 
between crop production and soil conservation. For example, Li et al. 
(2018) found that trade-offs between crop production and soil conser-
vation have an obvious time-lagged effect. Lyu et al. (2019) reported 
that spatial variations in trade-off between crop production and soil 
conservation were contributed by the site-specific geographical char-
acteristics. The spatiotemporal dynamic nature of trade-off makes it 
more uncertain and difficult to manage (Gonzalez-Ollauri and Mick-
ovski, 2017). A climate zone is a region with similar physical climatic 
characteristics. In the context of global warming, climatic characteristic 
change and anthropogenic activities are different in various climate 
zones (Dell et al., 2014; Iizumi and Ramankutty, 2015; Zhang and Yan, 
2014). These differences can lead to different variations in trade-off of 
agroecosystems services. However, the understanding of the differences 
in spatiotemporal characteristics of trade-offs between crop production 
and soil conservation in various climate zones is relatively limited. 
Additional research is needed to explore how the trade-off between crop 
production and soil conservation vary across both space and time in 
different climate zones. Understanding the differences in spatiotemporal 
characteristics of the trade-offs in various climate zones is the founda-
tion for effectively targeting policies to manage agroecosystem services 
in different climate zones. 

Clarifying the driving factors of trade-offs between agroecosystem 
services is important to identify targeted measures to soften the trade- 
offs (Power, 2010). Sun et al. (2020) applied redundancy analysis to 
identify important socioecological drivers of interactions of ecosystem 
services. Mashizi and Sharafatmandrad (2021) proposed a framework to 
reveal all the complex relationships of ecosystem services and main 
drivers of these relationships. Crop production and soil conservation 
exhibited significant tradeoffs (Li et al., 2020). Many studies showed 
that the spatiotemporal dynamic of trade-off between crop production 
and soil conservation is determined by both environmental factors (i.e., 
climatic factors, terrain, soil properties) and anthropogenic activities (i. 
e., agricultural practices, socioeconomic factors) (Briner et al., 2013; 
Lyu et al., 2019; Peng et al., 2019). However, the differences among 
driving factors of trade-off between crop production and soil conserva-
tion in different climate zones remain unclear. The mechanisms under-
pinning the spatiotemporal variation of trade-off between crop 
production and soil conservation in different climate zones need further 
study to achieve sustainable management of agroecosystem. Therefore, 
quantifying the predominant driving factors of trade-off between crop 
production and soil conservation and analyzing their differences in 
various climate zones are important. 

Shaanxi Province is an ideal region for studying the differences in 
spatiotemporal dynamics of trade-off between agroecosystem services in 
various climate zones, exhibiting a distinct diversity of climatic char-
acteristics. The climate zones from north to south are middle temperate, 
warm temperate, and subtropical, respectively (Wang et al., 2020). In 
addition, Shaanxi has a fragile ecological environment with serious soil 
erosion problem. The Loess Plateau in North Shaanxi is one of the most 
severely eroded regions in both China and the world (Fu et al., 2011). 
Therefore, soil conservation is another important ecosystem service 
besides crop production in agroecosystem of Shaanxi. In this study, we 
analyzed the spatiotemporal characteristics and driving factors of trade- 
off between crop production and soil conservation in various climate 
zones in Shaanxi. We aimed to (1) evaluate the changes of crop pro-
duction and soil conservation in Shaanxi Province from 1995 to 2018; 
(2) explore the spatiotemporal characteristics and differences of trade- 
off between crop production and soil conservation in various climate 

zones; and (3) quantify the relative contributions of driving factors in 
agroecosystem service trade-off among regions with different climate 
zones. 

2. Materials and methods 

2.1. Study area 

Shaanxi Province is located between longitudes 105◦29′ E and 
111◦15′ E and latitudes 31◦42′ N and 39◦35′ N in the northwest of China, 
with a land area of 205,800 km2. Shaanxi has a continental monsoon 
climate, with three climate zones, namely, middle temperate, warm 
temperate, and subtropical (Fig. 1). The annual average temperature 
and precipitation in the middle temperate zone are 6.0 ◦C–9.5 ◦C and 
293–459 mm, respectively. The main landforms in the middle temperate 
zone are loess plateau and desert, whose elevation ranges from 654 m to 
1910 m. Maize and potato are the main planted crops in the middle 
temperate zone of Shaanxi Province. The annual average temperature in 
the warm temperate zone is − 4.6 ◦C–15.3 ◦C, with an average annual 
precipitation of 398 mm–1016 mm. The landforms in the warm 
temperate zone include the Loess Plateau (north), basin (central), and 
mountain (south), with an elevation ranging between 237 m and 3764 
m. Wheat and maize are the major crops in this region. The subtropical 
zone has an annual average temperature of 2.5 ◦C–16.3 ◦C and an 
average annual precipitation of 759 mm–1380 mm. This area is char-
acterized by basins and mountains, with an elevation between 163 m 
and 2911 m. The major crops grown in the subtropical zone are wheat, 
maize, and rice. The cultivated land area in Shaanxi Province decreased 
from 33,934.4 km2 to 30,146.6 km2 from 1995 to 2018, while the 
population increased from 35.1 million to 38.6 million during the same 
period. Moreover, Shaanxi is also one of the regions with the severe soil 
erosion in China (Liu et al., 2019b). The increasing intensity of culti-
vated land use and changes of climate factors have greatly changed the 
agroecosystem and its services in this area (Qiao et al., 2018). 

Fig. 1. Location and climate zone of Shaanxi Province, China.  
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2.2. Data sources and processing 

Table 1 shows the data used in this study, namely, the meteorological 
data, land use data, digital elevation model (DEM), normal difference 
vegetation index (NDVI), net primary production (NPP), soil data, 
population density, GDP per land area, and other socioeconomic data. 
The spatial distribution of rainfed cultivated land, irrigated cultivated 
land, and construction land were extracted from the land use data. The 
topographical information, such as slope, slope length, and steepness 
factor, was calculated using the DEM. 

Grain yield and fertilizer application rate were obtained from the 
Shaanxi Statistical Yearbook. NDVI is commonly used in crop nutrient 
management, which is strongly correlated to fertilizer rates (Dhillon 
et al., 2020). Based on the NDVI of cultivated land, the fertilizer appli-
cation rate was converted from county level to pixel level. The formula is 
as follows: 

Fij =
NDVIij

NDVIj
× Fj  

where Fij is the fertilizer application rate in pixel i of cultivated land in 
county j, Fj is the average fertilizer application rate of cultivated land in 
county j, NDVIij is the NDVI of cultivated land pixel i in county j, and 

NDVIj is the average NDVI of cultivated land in county j. 
Except for grain yield, all data were uniformly converted to 1000 m 

raster data. 

2.3. Quantification of agroecosystem services 

2.3.1. Crop production 
Crop production was measured by grain yield per unit area in this 

study. The grain yield per unit area of each county in Shaanxi Province 
was obtained from the Shaanxi Statistical Yearbook. 

NPP can reflect the production capacity of vegetation at pixel level 
(Field et al., 1998). Thus, NPP of cultivated land for each county was 
used to downscale crop production from county level to pixel level. The 
formula is as follows: 

Pij =
NPPij

NPPj
× Pj  

where Pij is the crop production in pixel i of cultivated land in county j, Pj 
is the average crop production of cultivated land in county j, NPPij is the 
NPP of cultivated land pixel i in county j, and NPPj is the average NPP of 
cultivated land in county j. 

These processes were implemented using the “Raster Calculator” tool 
in ArcGIS10.1. 

2.3.2. Soil conservation 
The revised universal soil loss equation (RUSLE) has been widely 

used in the quantification of soil erosion (Terranova et al., 2009). Thus, 
soil conservation for this study was estimated based on the RUSLE. The 
difference between the potential and the actual soil erosions is the soil 
conservation of the agroecosystem (Su and Fu, 2013). The equation is 
calculated as follows: 

SC = Ep − Ea,

Ep = R × K × L × S,

Ea = R × K × L × S × C × P,

where SC is the soil conservation of the agroecosystem (t hm− 2 yr− 1); Ep 
is the potential soil erosion (t hm− 2 yr− 1), which refers to the amount of 
soil erosion when the cultivated land is not covered by vegetation and 
protected by erosion control practices; Ea is the actual soil erosion (t 
hm− 2 yr− 1), which refers to the amount of soil erosion in the process of 
cultivated land use; R is the rainfall erosivity factor (MJ mm hm− 2h− 1 

yr− 1), which was determined by the empirical formula of Wischmeier 
and Smith (1949); K is the soil erosivity factor (t hm2h hm− 2 MJ− 1 

mm− 1), which was calculated by the method of Williams and Arnold 
(1997); L and S are the slope length and steepness factor (dimension-
less), respectively. The calculation of L and S follows the formulas from 
Zhang et al. (2015); C is the vegetation cover factor (dimensionless), 
which is calculated using the formulas from Fu et al. (2011); and P is the 
soil conservation practice factor (dimensionless), which was calculated 
by the slope based Wener method (Lufafa et al., 2003). 

2.4. Measurement of the agroecosystem services trade-off 

The trade-off among ecosystem services is a measure of the extent to 
which the changing difference is among the individual ecosystem ser-
vices (Bradford and D’Amato, 2012). Root mean squared error (RMSE) is 
an effective indicator for the quantification of trade-off between 
ecosystem services (Lu et al., 2014), representing the average deviation 
from the mean ecosystem service, which calculates the average differ-
ence between each individual ecosystem service and the mean 
ecosystem service. Thus, RMSE describes the magnitude of spread away 
from the mean ecosystem service (Bradford and D’Amato, 2012). In a 
two-dimensional coordinate system, the mean ecosystem service is on 

Table 1 
Datasets used in this study.  

Data type Scale/form/ 
resolution 

Sources and descriptions 

Meteorological data Grid, 1 km 
resolution 

The meteorological data, including 
≥10 ◦C accumulated temperature and 
annual precipitation, were obtained 
from the China Meteorological Data 
Service Center (http://data.cma.cn/). 

Land use data Grid, 300 m 
resolution 

Land use data in 1995, 2000, 2005, 
2010, 2015, and 2018 were taken from 
Copernicus Climate Change Service 
(https://cds.climate.copernicus.eu/). 

DEM Grid, 30 m 
resolution 

Downloaded from the ASTER Global 
Digital Elevation Model V003 (https 
://search.earthdata.nasa.gov/). 

NDVI Grid, 1 km 
resolution 

Data for 1995 were obtained from 
GIMMS-NDVI dataset (https://climate 
dataguide.ucar.edu/climate-data 
/ndvi-normalized-difference-vegetati 
on-index-3rd-generation-nasagfsc-gi 
mms). Data for 2000, 2005, 2010, 
2015, and 2018 were derived from 
MOD13A3 (https://search.earthdata. 
nasa.gov/). 

NPP Grid, 1 km 
resolution 

Data for 1995 were downloaded from 
the Socioeconomic Data and 
Applications Center (https://sedac. 
ciesin.columbia.edu/data/set/hanpp 
-net-primary-productivity). Data for 
2000, 2005, 2010, 2015, and 2018 
were obtained from MOD17A3H (https 
://search.earthdata.nasa.gov/). 

Soil data Grid, 1 km 
resolution 

The soil data, including clay content, 
silt content, sand content, and organic 
matter content, were derived from the 
Harmonized World Soil Database v1.2 
in Food and Agriculture Organization 
of the United Nations (http://www.fao 
.org/soils-portal/soil-survey/soil-maps 
-and-databases/harmonized-world-soil 
-database-v12). 

Population density, 
GDP per land area 

Grid, 1 km 
resolution 

Acquired from the Resource and 
Environment Science and Data Center 
(http://www.resdc.cn/). 

Other socioeconomic 
data 

County, 
spreadsheet 

Socioeconomic data, including grain 
yield and fertilizer application rate, 
were derived from Shaanxi Statistical 
Yearbook.  
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the 1:1 line (Lu et al., 2014). RMSE is the distance from an ecosystem 
service pair in coordinate system to 1:1 line. Aside from characterizing 
the negatively correlated relationship between ecosystem services (i.e., 
the traditional trade-off), the method can also quantify the uneven rates 
of the same direction changes in ecosystem services (i.e., broadly defi-
nition of trade-off) (Bradford and D’Amato, 2012). 

The value of ecosystem services was standardized into the range of 
0–1 to eliminate the unit effects before calculating RMSE. Zero is the 
minimum possible ecosystem service and 1 is the maximum possible 
ecosystem service. The formula for the standardization is as follows: 

ESstd =
ESobs − ESmin

ESmax − ESmin  

where ESstd is the standardized value of ecosystem service, ESobs is the 
observed value of ecosystem service, and ESmin and ESmax are the min-
imum and maximum values of observed ecosystem services, 
respectively. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1
×
∑n

i=1

(
ESi − ES

)2
√

ES =
∑n

i=1
(Wi×ESi),

where n is the number of ecosystem service value, ESi is the standardized 
value of the i-th ecosystem service data, ES is the expected value of 
ecosystem services, and Wi is the weight of ESi. Wi is determined by the 
importance of ecosystem service. In this study, we assumed that all in-
dividual ecosystem services have the same importance, thus Wi = 1/n (i 
= 0, …, n) (Bradford and D’Amato, 2012; Feng et al., 2017). 

2.5. Driving factor analysis 

2.5.1. Driving factors of the trade-off 
Thirteen factors were originally selected based on previous studies 

(Briner et al., 2013; Lyu et al., 2019; Peng et al., 2019), and were clas-
sified into four types: climatic factors, terrain factors, soil texture, and 
anthropogenic activities. The contribution of these variables was eval-
uated to identify the predominant driving factors of trade-off between 
crop production and soil conservation. First, climatic factors, including 
accumulated temperature and precipitation, were represented by 
≥10 ◦C accumulated temperature and annual precipitation. The ≥10 ◦C 
accumulated temperature is the sum of the temperatures during one 
year in which the average daily temperature is above 10 ◦C. Second, 
terrain factors, which include slope and DEM. Third, soil texture, which 
was expressed by the proportions of clay, silt, and sand in soil. Lastly, 
anthropogenic activities include fertilization, population density, GDP 
per land area, cultivated land pressure, edge density of cultivated land, 
and agricultural irrigated land. Fertilization refers to the fertilizer 
application rate. Cultivated land pressure is expressed by the ratio of 
cultivated land area to construction land area in each village. Edge 
density of cultivated land is the ratio of perimeter to the area of culti-
vated land patch, which can be used to reflect the landscape configu-
ration of cultivated land. Agricultural irrigated land is represented by 
proportion of irrigated cultivated land in each village. 

2.5.2. Relative contribution of driving factors 
Gradient boosting decision tree (GBDT) is an algorithm of machine 

learning based on regression decision tree. This method can accurately 
quantify the relative importance of explanatory variables in predicting 
the response (Friedman and Meulman, 2003). In this study, GBDT was 
employed to determine the relative contribution of various driving 
factors on the agroecosystem service trade-off. Compared with tradi-
tional modelling techniques and regression models, GBDT model can 
provide higher computing efficiency and more precise prediction (Ding 

et al., 2018; Moisen et al., 2006). GBDT is suitable for the nonlinear 
relationships of dependent variable with independent variables and can 
also prevent the multicollinearity among independent variables (Elith 
et al., 2008). In addition, the data in GBDT model do not follow a 
particular distribution (Dong et al., 2019). Moreover, GBDT is robust to 
dataset with missing value and outliers because the gradient boosting 
algorithm emphasizes data that are close to the correct prediction 
(Moisen et al., 2006). 

In this study, the response variable is the trade-off between crop 
production and soil conservation, and the independent variables are the 
various environmental and anthropogenic driving factors. Based on the 
gradient boosting algorithm, the new weak decision tree is built in the 
direction of reducing residuals by minimizing the loss function at each 
iteration (Friedman and Meulman, 2003). The final decision result was 
obtained from the sum of the conclusions for all trees. The relative 
importance of independent variable was determined based on the 
number of times that the variable was selected as the split variable of 
regression tree in the iteration (Friedman and Meulman, 2003). The 
formula for GBDT algorithm can be obtained from the study of Qiu et al 
(2020). 

The GBDT model was implemented using the gbm package in R 3.5.3 
software. The number of trees, learning rate, and tree complexity are the 
three most important parameters in GBDT model that need to be 
determined. The model performance was dependent on the optimal 
combination of the above three parameters (Ding et al., 2018). Previous 
studies have shown that a learning rate lower than 0.1 can generate a 
result with low predictive deviance (Friedman, 2001). Moreover, the 
smaller the learning rate is, the larger number of trees are needed to 
minimize the prediction error. Therefore, this study retained the 
learning rate at 0.005, and the number of trees at 20,000. Tree 
complexity which is used to reflect the true interaction among inde-
pendent variables (Friedman, 2001) and is usually obtained by trial and 
error (Ding et al., 2018; Qiu et al., 2020), was finally determined set to 5. 

3. Results 

3.1. Changes of agroecosystem services in various climate zones 

Crop production and soil conservation in 1995, 2000, 2005, 2010, 
2015, and 2018 were used to analyze the differences of agroecosystem 
services in various climate zones from 1995 to 2018. Table 2 presents 
the descriptive summary of ecosystem services in different climate zones 
from 1995 to 2018. The average crop productions were 2193.10 t/hm2, 
3989.12 t/hm2, and 4757.90 t/hm2 for the middle temperate zone, 
warm temperate zone, and subtropical zone, respectively. The crop 
productions in the middle temperate zone are significantly lower than 
those in the warm temperate and subtropical zones; however, no sig-
nificant differences in crop productions are detected between the warm 
temperate and the subtropical zones. The range and coefficient of 
variation (CV) of crop production both show an evidently decreasing 
pattern from the middle temperate zone to the subtropical zone. 

Soil conservation in the subtropical zone was the largest, averaging 
at 13.51 t/hm2, followed by the warm temperate and the middle 
temperate zones with averages of 2.57 t/hm2 and 0.61 t/hm2, respec-
tively. The soil conservation exhibits significant differences along the 
climate gradient. The range of soil conservation presents an upward 
trend from the middle temperate zone to the subtropical zone. The CV of 
soil conservation is in the following order: middle temperate zone 
(61.0%) > subtropical zone (33.2%) > warm temperate zone (28.3%). 
Results indicate that soil conservation has higher variability in the 
middle temperate zone than in the warm temperate and subtropical 
zones. 

Fig. 2 shows the changes in agroecosystem services from 1995 to 
2018. Both crop production and soil conservation showed an increasing 
trend from 1995 to 2010, but a declining trend from 2010 to 2018 in 
Shaanxi Province. Pearson correlation coefficient between crop 
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production and soil conservation was 0.71 (P < 0.01), resulting in a 
significant positive correlation between crop production and soil con-
servation. The agroecosystem services in various climate zones exhibi-
ted evidently different trend changes from 1995 to 2018. Crop 
production showed a clearly increasing trend in the middle temperate 
zone from 1995 to 2010. Moreover, crop production decreased sharply 
in the middle temperate zone from 2010 to 2015. The crop production in 
middle temperate zone increased again in 2015–2018. However, crop 
production in the warm temperate zone increased from 2704.59 t/hm2 

to 4952.92 t/hm2 from 1995 to 2010, and subsequently decreases to 
4257.10 t/hm2 from 2010 to 2018. Moreover, crop production in the 
subtropical zone presented an increasing pattern from 1995 to 2005, and 
showed a gentle downward trend from 2005 to 2018. Soil conservation 
in the middle temperate zone first decreased from 0.99 t/hm2 to 0.41 t/ 
hm2 in 1995–2000, fluctuated gently in 2000–2015, and increased to 
1.16 t/hm2 during 2015–2018. Soil conservation showed an increasing 
trend from 1995 to 2010 in warm temperate zone, then presented a 
fluctuating downward pattern in 2010–2018. Moreover, soil conserva-
tion in the subtropical zone reached the largest in 2005 (19.04 t/hm2). 

3.2. Spatiotemporal variation characteristics in trade-offs of 
agroecosystem services 

The mean trade-offs between crop production and soil conservation 
from 1995 to 2018 varied greatly in different climate zones. RMSE 
values in the subtropical zone (0.21) and the warm temperate zone 
(0.18) are significantly higher than in the middle temperate zone (0.09). 
No significant difference in trade-off is detected between subtropical and 
warm temperate zones; however, a gentle downward trend is observed 
in RMSE values between them. Pearson correlation analysis showed that 
the correlation between RMSE and crop production and between RMSE 
and soil conservation were 0.95 (P < 0.01) and 0.66 (P < 0.01), 
respectively. Thus, trade-off was significantly positively correlated with 
both crop production and soil conservation. 

The changes of RMSE between crop production and soil conservation 
in various climate zones from 1995 to 2018 in Shaanxi Province are 
illustrated in Table 3. Changes of RMSE value from 1995 to 2018 were 
0.16, 0.12, and 0.07 for the middle temperate zone, warm temperate 
zone, and subtropical zone, respectively. Results show that the 
increasing trend for trade-off between crop production and soil con-
servation exists in all climate zones from 1995 to 2018 in Shaanxi 
Province. Moreover, the changing trend in trade-off decreases along the 
climate gradient from north to south. Changes of RMSE value showed a 
different trend from 1995 to 2018 in various climate zones of Shaanxi 
Province. Changes in various climate zones increased in most of the 
periods from 1995 to 2018. RMSE with maximum changes are observed 
in middle temperate zone (0.10) and warm temperate zone (0.05) for the 
period of 2015–2018, and in subtropical zone (0.06) for the period of 
1995–2000. RMSE only decreased in one period in all three climate 
zones of Shaanxi Province from 1995 to 2018. The decline periods of 
RMSE for middle temperate zone, warm temperate zone, and subtropical 
zone were 2010–2015 (− 0.02), 2005–2010 (− 0.01), and 2005–2010 
(− 0.06), respectively. Moreover, areas with increasing RMSE were 
noticeably larger than with decreasing RMSE in all climate zones from 
1995 to 2018. The proportions of area with increasing RMSE in middle 
temperate, warm temperate, and subtropical zones during the period of 
1995–2018 were 100.0%, 71.3%, and 72.2%, respectively. Area of 
decreased RMSE in middle temperate zone only exceeded that of the 
increased RMSE in 2010–2015. However, the area of decreased RMSE 
exceeded that of the increased RMSE in warm temperate zone and 
subtropical zone in 2005–2015 and 2005–2010, respectively. 

The trade-off between crop production and soil conservation exhibits 
obvious spatiotemporal heterogeneity in various climate zones (Fig. 3). 
RMSE values for crop production and soil conservation decreased from 
south to north in 1995 to 2018. Areas of increased RMSE mostly located 
in the south of middle temperate zone and the central of warm 
temperate zone from 1995 to 2018. Moreover, the areas of decreased 
RMSE mainly located in the north of warm temperate and subtropical 

Table 2 
Descriptive statistics of ecosystem services in different climate zones from 1995 to 2018.  

Ecosystem service Climate zone Mean Median Minimum Maximum SD CV (%) Kurtosis Skewness Significant* 

Crop production (t/hm2, n = 6) Middle temperate zone  2193.10  2186.48  939.17  3485.05  946.15  43.1 − 1.00  0.05 b 
Warm temperate zone  3989.12  4226.16  2704.59  4952.92  778.86  19.5 0.71  − 0.81 a 
Subtropical zone  4757.90  4849.10  3821.67  5387.16  568.70  12.0 0.28  − 0.83 a 

Soil conservation (t/hm2, n = 6) Middle temperate zone  0.61  0.42  0.32  1.16  0.37  61.0 − 1.38  1.00 c 
Warm temperate zone  2.57  2.49  1.60  3.75  0.73  28.3 1.01  0.57 b 
Subtropical zone  13.51  13.09  7.69  19.04  4.48  33.2 − 1.60  0.08 a 

* Different letters indicate significant differences among ecosystem services in various climate zones at P = 0.05. 

Fig. 2. Changes of ecosystem services in Shaanxi Province from 1995 to 2018. Notes: MTZ represents the middle temperate zone of Shaanxi Province, WTZ rep-
resents the warm temperate zone of Shaanxi Province, SZ represents the subtropical zone of Shaanxi Province, and SXP represents Shaanxi Province. 
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zones. The spatial heterogeneity of the trade-off clearly increases in the 
middle temperate zone from 1995 to 2018. Areas with increasing RMSD 
value in middle temperate zone are mostly concentrated in the east of 
Yulin City. The high value of RMSE in the warm temperate zone is 
mostly distributed in northern Xi’an City, southern Xianyang City, and 
eastern Baoji City in the Guanzhong Plain. Southern Yan’an City is a 
region in warm temperate zone with the largest increase in trade-off. 
The high trade-off areas in subtropical zone are found in Hanzhong 
Basin and Ankang Basin. However, the trade-offs between crop pro-
duction and soil conservation show different trends in the two basins. 
The trade-off in Hanzhong Basin exhibits a downward fluctuation from 
1995 to 2018, while a gentle increasing pattern from 1995 to 2005 and a 
decreasing trend from 2005 to 2018 are observed in Ankang Basin. 

3.3. Driving factors of agroecosystem service trade-offs under different 
climate zones 

Table 4 shows the average relative contribution of driving factors on 
agricultural ecosystem trade-off and their rankings from 1995 to 2018 
and their ranking, where the contribution was standardized for all 
driving factors with a total of 100%. 

Fertilization has the greatest contribution to the trade-off between 
crop production and soil conservation in all climate zones, with 37.66%, 
35.92%, and 26.58% relative contributions for the middle temperate, 
warm temperate and subtropical zones, respectively. GDP per land area 
is the second most important factor for the trade-off in the middle 
temperate zone (15.33%) and the subtropical zone (20.49%), whereas 
its ranking drops to fourth in the warm temperate zone (8.50%). Pop-
ulation density is another important driving factor for the trade-off in all 

climate zones. The relative importance of population density ranks 
fourth (9.77%), third (14.28%), and third (16.11%) for the middle 
temperate, warm temperate, and subtropical zones, respectively. The 
relative contribution of the combined anthropogenic activities account 
for 62.27%–71.67% in various climate zones, indicating that anthro-
pogenic activities play a crucial role on the trade-off between crop 
production and soil conservation. Except for cultivated land pressure, 
the relative importance of variables in anthropogenic activities shows no 
significant differences among the three climate zones; hence the relative 
importance of anthropogenic activities on the trade-off is hardly affected 
by climate zone. 

The relative contribution of accumulated temperature on the trade- 
off between crop production and soil conservation has significant dif-
ferences among the middle temperate zone (13.40%), warm temperate 
zone (5.23%) and subtropical zone (9.63%). Precipitation has a signif-
icant higher importance on the trade-off in the warm temperate zone 
(26.64%) than in the middle temperate (7.03%) and subtropical zones 
(7.08%). Variables on soil texture are hardly important to the trade-off 
in all three climate zones. The results show that the climatic factors are 
the most important environmental driving factor for the trade-off be-
tween crop production and soil conservation. The relative importance of 
all environmental variables except DEM exhibits significant differences 
in different climate zones. This result indicates that the relative contri-
bution of environmental driving factors on agricultural ecosystem trade- 
off has high regularity and low variation in various climate zones from 
1995 to 2018. 

4. Discussion 

Crop production and soil conservation both showed evident 
increasing patterns from middle temperate and warm temperate zones 
to subtropical zone in Shaanxi Province. This result is consistent with 
that of Qiao et al. (2018) who reported that climatic factors received 
significant effects on agroecosystem services. However, Lyu et al. (2019) 
found that climate factor obtained small impacts on most agroecosystem 
services, which is probably caused by the relatively small research scale 
of Lyu et al. (2019). Studies showed that ecosystem services are gener-
ated in a specific socioecological context (Andersson et al., 2007). 
Moreover, spatial patterns, relationships, and influencing factors of 
ecosystem services are affected by spatial scale dependency (Sun et al., 
2020). Correlation analysis showed that crop production was signifi-
cantly positively correlated with soil conservation in various climate 
zones of Shaanxi Province from 1995 to 2018, which can be attributed to 
the positive correlation between crop production and crop cover time 
and intensity, while increasing land cover is the primary measure to soil 
conservation (Wen and Zhen, 2020). Moreover, the trade-off between 
crop production and soil conservation was also significantly positively 
correlated with both crop production and soil conservation. Such result 
can be explained by the spatial heterogeneity of ecosystem service 
growth in various climate zones. Previous studies also reported that 
change of ecosystem services has conspicuous spatial heterogeneity (Liu 
et al., 2019b). 

Trade-off between crop production and soil conservation exhibits a 
clear decreasing pattern from subtropical and warm temperate zones to 
middle temperate zone in Shaanxi Province. The spatiotemporal varia-
tion of the relationship among ecosystem services has been extensively 
studied (Li et al., 2018; Qiao et al., 2019). However, few studies have 
explored its differences in various climate zones. Results from this study 
show that the trade-off in the middle temperate zone is significantly 
lower than in the warm temperate and subtropical zones due to the 
relatively low accumulated temperate, precipitation, and anthropogenic 
activities intensity in middle temperate zone. Moreover, the ecological 
restoration programs implemented in this region has greatly limited the 
intensity of human agricultural activities (Wang et al., 2020). Both crop 
production and soil conservation in middle temperate zone are signifi-
cantly lower than in warm temperate and subtropical zones (Table 2). 

Table 3 
RMSE changes in different climate zones of Shaanxi Province from 1995 to 2018.  

Climate zone Middle 
temperate 
zone 

Warm 
temperate 
zone 

Subtropical 
zone 

1995–2000 Area 
(km2) 

RMSE 
increase 

8548 37,901 6930 

RMSE 
decrease 

1315 6065 1312 

Change of RMSE 
value 

0.03 0.04 0.06 

2000–2005 Area 
(km2) 

RMSE 
increase 

10,936 38,589 7297 

RMSE 
decrease 

1280 11,795 2943 

Change of RMSE 
value 

0.03 0.03 0.02 

2005–2010 Area 
(km2) 

RMSE 
increase 

7435 20,332 271 

RMSE 
decrease 

4285 29,290 9936 

Change of RMSE 
value 

0.01 − 0.01 − 0.06 

2010–2015 Area 
(km2) 

RMSE 
increase 

4043 22,157 7146 

RMSE 
decrease 

7487 27,014 3034 

Change of RMSE 
value 

− 0.02 0.00 0.01 

2015–2018 Area 
(km2) 

RMSE 
increase 

10,820 38,396 7873 

RMSE 
decrease 

117 8482 809 

Change of RMSE 
value 

0.10 0.05 0.04 

1995–2018 Area 
(km2) 

RMSE 
increase 

9284 36,502 6427 

RMSE 
decrease 

0 6109 1037 

Change of RMSE 
value 

0.16 0.12 0.07  
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Therefore, the low trade-off in the middle temperate is the least desir-
able outcome, resulting in low benefit for all ecosystem services (Brad-
ford and D’Amato, 2012). 

Trade-offs between ecosystem services exhibit various spatiotem-
poral characteristics in different regions over time (Qiao et al., 2019). In 
the present study, trade-offs between crop production and soil conser-
vation present clear upward trends in all climate zones of Shaanxi 
Province from 1995 to 2018. However, the increase in the trade-off in 
various climate zones gradually weakened from north to south along the 

climate gradient. Several studies have shown that understanding the 
mechanism of trade-off requires considering various ecosystem services 
in the same system (Bennett et al., 2009; Tallis et al., 2008; Zhang et al., 
2007). The rates of change in crop production and soil conservation are 
uneven in each climate zones from 1995 to 2018 (Fig. 2). The same 
finding was reported where the spatiotemporal characteristics of 
ecosystem services, such as crop production and soil conservation, are 
strongly influenced by climatic zone (Qiao et al., 2018; Runting et al., 
2017). Changes with uneven rates in crop production and soil 

Fig. 3. Spatiotemporal variation in trade-off between crop production and soil conservation from 1995 to 2018, and spatial distribution of the trade-off in 1995 
and 2018. 

Table 4 
Average relative contribution of driving factors on agricultural ecosystem trade-off from 1995 to 2018.  

Categories Variable Shaanxi Province   

Middle temperate zone Warm temperate zone Subtropical zone   

Rank Relative importance (%) Rank Relative importance (%) Rank Relative importance (%) 

Climatic factor Accumulated temperature 3 13.40ab 5 5.23b 4 9.63a 

Precipitation 5 7.03b 2 26.64a 5 7.08b 

Terrain factor Slope 8 2.67ab 8 1.04b 6 4.25a 

DEM 6 4.09a 6 3.64a 7 3.66a 

Soil texture Silt 12 0.74ab 11 0.44b 12 1.13a 

Sand 13 0.63b 13 0.36b 13 1.05a 

Clay 11 1.42a 12 0.38b 11 1.53a 

Anthropogenic activities Fertilization 1 37.66a 1 35.92a 1 26.58a 

Population density 4 9.77a 3 14.28a 3 16.11a 

GDP per land area 2 15.33a 4 8.50a 2 20.49a 

Cultivated land pressure 9 2.08a 10 0.86b 9 2.90a 

Edge density of cultivated land 7 3.36a 7 1.77a 8 3.13a 

Agricultural irrigated land 10 1.82a 9 0.94a 10 2.46a 

For relative importance, numbers followed by different letters indicate significant differences (P < 0.05). 
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conservation may play a dominant role in the spatiotemporal differences 
of their trade-off in various climate zones. 

The findings of this study showed that anthropogenic activities have 
larger effects on trade-off between crop production and soil conserva-
tion than environmental factors in all climate zones, which were con-
trary to that of Sannigrahi et al. (2020) who observed that 
socioeconomic factors have negligible effects on ecosystem services in 
the world’s largest mangrove ecosystem, while climate factors are most 
important. This can be explained by the fact that agroecosystem is 
disturbed by anthropogenic activities with greater intensity than other 
ecosystems (Conway, 1987). In this study, fertilization has the greatest 
contribution to the trade-off in all climate zones from 1995 to 2018 
because of fertilization’s significant influence on both crop production 
and soil conservation. Proper fertilizer management can improve grain 
yield by supplying the necessary nutrition for crop growth, while 
excessive or deficient fertilization may decrease in grain yield (Tilman 
et al., 2011; Yan et al., 2014). Fertilization can also cause positive or 
negative effects indirectly on soil conservation by influencing the 
vegetation cover and tillage (Kurothe et al., 2014; Qiao et al., 2018). 
Moreover, population density and GDP per land area are also strongly 
important contributors to the trade-off. Thus, consistent with the pre-
vious statement that trade-offs between ecosystem services are robustly 
correlated to population density and GDP density (Zhang et al., 2020). 
Cultivated land pressure, edge density of cultivated land, and agricul-
tural irrigated land in anthropogenic factors have weak effects on the 
trade-off. In addition, no significant differences in the relative contri-
butions of all anthropogenic factors except for cultivated land pressure 
are detected among various climate zones, hence the contributions of 
anthropogenic activities on trade-off between crop production and soil 
conservation are insignificantly affected by climate zones. The result is 
probably caused by the fact that anthropogenic activities can partly 
break through the constrains of environmental factors (Lyu et al., 2019), 
especially in the context of continuous technological development. 

Previous studies have extensively found that ecosystem services and 
their trade-offs strongly depend on climate factors (Briner et al., 2013; 
Lu et al., 2014; Runting et al., 2017). Feng et al. (2017) reported that 
terrain factors and soil texture are also closely related to the trade-offs 
among ecosystem services. However, few studies have explored the 
differences on trade-offs between ecosystem services with environ-
mental factors in different climate zones. In the present study, the 
relative contributions of environmental factors on trade-off between 
crop production and soil conservation in all climate zones are climate 
factors > terrain factors > soil texture. However, except for terrain 
characteristics, the relative contributions of the environmental factor 
are significantly different in various climate zones. Results show that the 
relative contributions of most environmental factors are strongly 
affected by the climate zone, which may be caused by the different 
sensitivity of agroecosystem services trade-off to environmental factor in 
various climate zones. For example, the relative contribution of pre-
cipitation in the warm temperate zone is significantly higher than in the 
middle temperate and the subtropical zones. The reason may be that the 
trade-off in the warm temperate zone is more sensitive to precipitation 
than in the middle temperate zone and the subtropical zone. 

5. Conclusion 

Overall, both crop production and soil conservation in Shaanxi 
Province firstly presented an increasing (1995–2010) and then 
decreasing trends (2010–2018). However, the agroecosystem services 
exhibited a clearly different trend in various climate zones. The changes 
of crop production in various climate zones received higher regularity 
than that of soil conservation. Trade-off between crop production and 
soil conservation in the subtropical and the warm temperate zones is 
significantly higher than in middle temperate zone. Moreover, the trade- 
off shows an upward trend from 1995 to 2018 in all climate zones. 
However, the increasing trend in trade-off gradually weakened from the 

middle temperate zone to the warm temperate and subtropical zones. In 
addition, the trade-off exhibits obvious spatiotemporal heterogeneity in 
all climate zones. Anthropogenic activities are the dominant driving 
factors of trade-off between crop production and soil conservation. The 
climate zone has an insignificant effect on the relative contributions of 
anthropogenic activities. Fertilization, GDP per land area, and popula-
tion density are three of the most important anthropogenic driving 
factors in all climate zones. The relative contributions of environmental 
factors on trade-off in various climate zones are as follow: climate fac-
tors > terrain factors > soil texture. However, relative contributions of 
environmental factors (except for terrain characteristics) are signifi-
cantly different in various climate zones. The most important environ-
mental driving factor in middle temperate and subtropical zones is 
accumulated temperature, and precipitation in warm temperate zone. 
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